Background: Jet propulsion fuel-8 (JP-8) is the primary jet fuel used by the US military, collectively consuming �2.5 billion gallons annually. Previous reports suggest that JP-8 is potentially toxic to the immune, respiratory, and nervous systems. The objectives of this study were to evaluate inhalation exposure to JP-8 constituents among active duty United States Air Force (USAF) personnel while performing job-related tasks, identify significant predictors of inhalation exposure to JP-8, and evaluate the extent to which surrogate exposure classifications were predictive of measured JP-8 exposures.
INTRODUCTION
Jet propulsion fuel-8 (JP-8) is the primary jet fuel used by the United States Air Force (USAF) and other members of the North Atlantic Treaty Organization (NATO) (Ritchie et al., 2003) . This kerosenebased performance fuel is used for military aircraft and land vehicles and has replaced JP-4 and JP-5 (in most places) due to operational advantages (e.g. lower volatility, higher flash point) (McDougal et al., 2000) . Given that the US Department of Defense and its NATO partners collectively consume .5 billion gallons of JP-8 annually, JP-8 represents the single largest source of chemical exposure to military personnel in the US military and NATO (Ritchie et al., 2003) .
Jet fuel is a heterogeneous mixture that consists of .228 aromatic and aliphatic hydrocarbons (NRC, 2003) and non-hydrocarbon performance additives, with kerosene as the primary component (.98%) (Ritchie et al., 2003) . The composition of JP-8 varies by batch and typically consists of $81% aliphatic (Chou et al., 2002) and 18% aromatic hydrocarbons by volume (Carlton and Smith, 2000; NRC, 2003) . Toxic hydrocarbons such as benzene (,0.8%), toluene (,1%), and naphthalene ($1.5%) are minor constituents of the bulk fuel but are volatile such that there is high potential for inhalation among military personnel working with JP-8 (see Supplementary  Table 1 available at Annals of Occupational Hygiene online).
Based on various animal and human studies, the Committee on Toxicology concluded that the major health risks associated with JP-8 inhalation at exposure concentrations near the interim permissible exposure limit of 350 mg m À3 include immune system, respiratory tract, and nervous system effects (NRC, 2003) . For instance, neurotoxic effects were evident among military workers who were exposed to JP-8 for 9 months and exhibited significantly increased postural sway patterns (Smith et al., 1997) . Additionally, JP-8 can cause skin irritation, rash, redness, and immunosuppressive effects (ATSDR, 1998) . Though there is no enforced Air Force (AF) wide standard for JP-8 exposure, 350 mg m À3 is the current occupational exposure limit recommended by the USAF for an 8-h time-weighted average (TWA) exposure (Smith et al., 2010) . This is consistent with the threshold limit value (TLV) recommended by the American Conference of Governmental Industrial Hygienists (ACGIH), which is 200 mg m
À3
for kerosene and jet fuels [measured as total hydrocarbons (THC)] (ACGIH, 2011) .
Given the extent and nature of use, military personnel are believed to be at high risk of occupational exposure to JP-8 (Carlton and Smith, 2000) . For instance, Pleil et al. (2000) found that military fuel systems personnel had the higher overall exposure to JP-8 compared with non-military aviation personnel. Exposure to JP-8 can occur during spills, transportation, and storage of the fuel, as well as during fueling, general maintenance and operation of aircraft and military vehicles, and cleaning and degreasing of parts with the fuel. The largest numbers of military personnel are exposed to JP-8 while working in fuel handling and during systems maintenance procedures (Zeiger and Smith, 1998) , the latter of which involve the highest exposure scenarios when entering fuel tanks where there is a high potential for inhalation and dermal absorption (Serdar et al., 2003) .
The primary objectives of this study were to (i) characterize inhalation exposure to JP-8 among military personnel at multiple USAF bases as they perform their routine job tasks over a workweek, (ii) identify significant predictors of inhalation exposure to JP-8, and (iii) evaluate the extent to which classifications based on a priori high-and low-exposure group, self-reported exposure, and job category were predictive of measured JP-8 exposures.
METHODS

Study design
The study population included 73 full-time AF personnel working at three active USAF bases that housed refueler aircraft (KC-135 Stratotanker and C-130 Hercules), which carry fuel for in air refueling. Participants were all active-duty military personnel and required to have worked a minimum of 6 months in their current job tasks (including training periods). Based on preliminary walk-through visits which included worker observations at each of the three USAF bases and findings from the earlier study phase (Smith et al., 2010) , participants were recruited into two a priori exposure groups: workers with routine and/or high exposure to JP-8 during their typical work activities were assigned to the high-exposure group, while workers with intermittent and/or low (or no) exposure to JP-8 were assigned to the low-exposure group.
As described previously, the study was conducted at each of the three AF bases between January and April 2008 (Proctor et al., 2011) . Participants completed a self-administered baseline questionnaire on the initial day of the study to obtain information about demographics, USAF work history, and tobacco use as well as general health information.
Research approvals were obtained from the human subjects review boards of the Army (at the US Army Research Institute of Environmental Medicine) and Air Force (at the Air Force Research Laboratory at Wright Patterson Air Force Base). All participants provided written informed consent prior to participation.
Personal air sampling
The air sampling was conducted during full work shifts over four consecutive workdays (Monday through Thursday) at each of the three USAF bases. Participants wore a Casella Apex Pro IS (Casella USA, Amherst, NH, USA) personal air sampling pump on a belt around their waist or in a shoulder pouch to collect personal air samples from their breathing zone. Two sorbent tubes were clipped to the lapel of each subject near their breathing zone and fitted to the same pump with a Y connector. A two-section (100/50 mg) AnasorbÒ coconut shell charcoal tube (Anasorb; SKC Inc., Eighty Four, PA, USA) was used for the analysis of benzene, toluene, ethylbenzene, m-/p-xylene, and o-xylene (collectively referred to as BTEX), as well as THC. A Chromosorb 106 tube (Anasorb; SKC Inc.) was used for analysis of naphthalene. The air samples were collected in accordance with National Institute for Occupational Safety and Health (NIOSH) method 1501 for BTEX (NIOSH, 2003) , NIOSH method 1550 for THC (NIOSH, 1994) , and Occupational Safety and Health Administration (OSHA) method 35 for naphthalene (OSHA, 1982) .
A DryCal Ò DC-Lite primary flow meter (Bios International Corporation, Butler, NJ, USA) was used to set the flow rate of each tube to 0.2 l min
À1
. At the end of each sampling day, the flow rates were measured again to derive the mean flow rates of individual samples. Personal pumps were paused while the workers left the work area (e.g. for lunch, an errand, or a cigarette break) or when they entered the fuel tank. Field blanks were collected on each day of sampling ($10 per USAF base). A HOBOÒ data logger (Onset Computer Corporation, Bourne, MA, USA) was attached to each worker to obtain air temperature and relative humidity measurements in 15-min intervals through the duration of each work shift. At the end of each work shift, the sorbent tubes were capped, wrapped in foil, and shipped in coolers to the Organic Chemistry Analytical Laboratory at the Harvard School of Public Health in Boston, MA, where the samples were stored at À1°C until analyzed.
Laboratory analysis
Extraction and analysis of the air samples have been previously described in detail (Smith et al., 2010) . THC and BTEX were extracted from the two-section glass coconut shell charcoal sorbent tubes in accordance with NIOSH method 1501 (NIOSH, 2003) and naphthalene was extracted from the Chromosorb 106 sorbent tubes in accordance with OSHA method 35 (OSHA, 1982) . Air samples were analyzed for BTEX and naphthalene using gas chromatography-mass spectrometry (GC/MS) in selective ion monitoring mode (Chao and Nylander-French, 2004; Mattorano et al., 2004) . THC was analyzed using gas chromatography with flame ionization detection (GC/FID) following NIOSH method 1550 (NIOSH, 1994) . A Hewlett-Packard 6890 GC with temperature and pressure programming capabilities and a split/splitless injector were used for all gas chromatograph procedures.
Statistical analysis
Personal air concentrations are expressed as milligrams per cubic meter for THC and micrograms per cubic meter for BTEX and naphthalene. The method limit of detection (LOD) was calculated as three times the standard deviation of the field blanks. Values less than the LOD were replaced with one half the LOD. For analytes not detected in field blanks, the instrument detection limit was used as the LOD. All concentrations are presented as 8-h TWA to account for differences in work shift length. Because the distributions of analytes in air were approximately lognormal, Spearman rank correlations were used to estimate the relationship between THC and naphthalene concentrations and air concentrations were natural logtransformed for statistical analyses.
Linear mixed-effects models with compound symmetric covariance structures were used to evaluate predictors of inhalation exposure and to examine the extent to which three different exposure categorization strategies were predictive of measured JP-8 exposure. The three approaches included:
1. a priori low-or high-exposure group characterization, as assigned prior to conducting the study; 2. categorization based on self-reported response to questionnaire item as to whether they had routine exposure to jet fuel (yes/no) during their work shift; and 3. categorization based on each worker's reported current Air Force specialty code (AFSC) job title (Air Force Personnel Center, 2008) and then combined for further categorization into four groups: fuel systems (e.g. removal, repair, inspection, and modification of aircraft fuel systems), fuel distribution and maintenance (e.g. quality control and maintenance of petroleum Characterization of inhalation exposure to jet fuel 3 of 10 products), aircraft inspection and maintenance (e.g. structural maintenance, metals technology, and non-destructive inspection), and administrative/clerical office (e.g. information management, health services, navigation, and logistics).
The three models were compared using the percent of between-worker variability explained by the fixed-effects model as well as Akaike's information criteria (AIC) values. Covariates included USAF base, current smoking status, temperature, and relative humidity. Post hoc analyses were performed to assess the extent that temperature and relative humidity varied by USAF Base. All statistical analyses were performed using SAS statistical software version 9.1.3 (SAS Institute Inc., Cary, NC, USA).
RESULTS
The characteristics of the study population are summarized in Table 1 . All participants were enlisted military personnel and their mean age was 25.6 years (range: 18-42) with 5.6 mean years of service (range: 0.5-20).
The personal air concentrations of the measured analytes are presented by a priori exposure group in Table 2 . The mean 8-h TWA air concentrations of THC and the individual JP-8 analytes were significantly higher among the high-exposure group than the low-exposure group (P , 0.001), with the exception of toluene, which was also higher but not significant (P 5 0.10). The geometric mean (GM) concentrations of the JP-8 analytes were between 2-and 9-fold higher in the high-exposure group than in the low-exposure group. Figure 1 shows the relationship between THC and naphthalene personal air concentrations among all USAF personnel. There was a strong correlation between THC and naphthalene, and similar correlations were observed between THC and all other analytes (0.59 r 0.88, P , 0.0001). Correlations between the analytes were generally stronger for the a priori high-exposure group than the low-exposure group (see Supplementary Tables available at Annals  of Occupational Hygiene online) .
Concordance between the a priori exposure group characterization and self-reported routine exposure to JP-8 was best among those categorized by AFSC as being in the fuel systems group (primarily high exposure) and the office workers group (primarily low exposure), yet less consistent among the fuel distribution/maintenance and aircraft inspection/ maintenance groups (Table 3) . Table 4 presents the parameter estimates and P-values for all variables in the final models evaluating predictors of inhalation exposure to THC and naphthalene. Final models for other analytes are provided in the Supplementary material available at Annals of Occupational Hygiene online. All models evaluated the effects of four variables: USAF base, a categorical variable consisting of three levels (Base 1, Base 2, and Base 3), current smoking status ('smoker' versus 'nonsmoker'), mean daily ambient temperature (continuous variable,°C), and relative humidity (continuous). Each of the three exposure categorization variables (a priori exposure category, self-reported exposure, and AF job titles) were evaluated in separate models to determine which might provide the best surrogate of measured personal inhalation exposure to JP-8. The a priori exposure category was coded as 'high' versus 'low' exposure, self-reported routine jet fuel exposure was coded as 'yes' versus 'no', and current AF job titles were categorized as four groups: fuel systems, fuel distribution/maintenance, aircraft inspection/maintenance, and administrative/clerical. The three exposure characterizations used were evaluated while calculating the between-and within-worker variability explained by each model. In Model 1, we evaluated a priori exposure category as a predictor of inhalation exposure to THC and naphthalene. Exposure to THC was found to be 4.4 times higher in the a priori high group compared to the low group (i.e. e 1.49 5 4.4). The THC concentrations were also found to vary significantly by AF base (P 5 0.008), smoking status (P 5 0.01), and relative humidity (P , 0.0001). With the exception of AF base, the same variables were significant determinants of inhalation exposure to naphthalene. Inhalation exposures to THC and naphthalene were significantly higher among smokers versus non-smokers and were found to increase as relative humidity increased. e P-value for difference between low and high a priori exposure group, generated using linear mixed-effect models with compound symmetry covariance structure.
f TLV for kerosene and jet fuels as total hydrocarbon vapor.
Fig 1.
Relationship between inhalation exposure to THC (milligrams per cubic meter) and naphthalene (micrograms per cubic meter) among all USAF personnel (n 5 73) across all three USAF bases (presented on the log scale).
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In Model 2, we evaluated self-reported exposure and found that exposure to THC was 4.8 times higher among workers who self-reported exposure as compared to those who did not (i.e. e 1.57
54.8).
The THC concentrations were also found to vary by smoking status (P 5 0.02) and relative humidity (P 5 0.0002). The same variables were significant determinants of inhalation exposure to naphthalene.
In Model 3, significant predictors of higher levels of exposure to THC are increased relative humidity (P 5 0.0003) and current AF job groupings (P , 0.0001). The same variables were found to be significant determinants of inhalation exposure to naphthalene. Specifically, AF personnel with current job titles involving fuel distribution/maintenance work were the highest exposed (13.5 times higher than reference group), followed by fuel systems (5.1 times higher), and then those with aircraft inspection and maintenance job titles (1.9 times higher).
When evaluating THC concentrations in personal breathing zones (Table 4) , Model 1 explained 68% of the between-worker variability (AIC value of 921.2), Model 2 explained 72% of the between-worker variability (AIC value of 915.2), and Model 3 explained 63% of the between-worker variability (AIC value of 922.4). In comparison, when evaluating naphthalene concentrations, Model 1 explained 74% of the between-worker variability (AIC value of 894.4), Model 2 explained 67% of the between-worker variability (AIC value of 902.1), and Model 3 explained 58% of the between-worker variability (AIC value of 908.6).
Since temperature and relative humidity were significantly different by USAF base, we considered models with and without the inclusion of base. The standard errors for the effect of temperature and relative humidity did not change when base was excluded from the model (data not shown), though the effect of humidity increases and becomes more significant with the inclusion of base.
DISCUSSION
Personal inhalation exposure to JP-8 (THC, BTEX, and naphthalene) was characterized among USAF personnel at three different USAF bases. Of all measured JP-8 exposure levels in this occupational cohort, none of the personal air samples for THC exceeded the ACGIH TLV nor did any of the personal air samples for BTEX and naphthalene exceed the OSHA permissible exposure limits.
The THC exposure concentrations among the highexposure group in our study (GM 5 2.6 mg m ) and moderate-(GM 5 1.7 mg m À3 ) exposure groups since the jobs in our high-exposure group include a combination of the jobs in both groups. The naphthalene exposure levels in the high-exposure group in this study (GM 5 2.3 lg m
À3
) were considerably lower than those reported by Egeghy et al. (2003) for their categorization of high (GM 5 485 lg m
) and moderate (GM 5 10.3 lg m
) exposure groups (the combination of which is similar to our high group). This difference is likely due to the fact that Egeghy et al. monitored workers while in the tanks and because of the common use of fire suppression foam in their study, a factor that was found to significantly increase exposure. However, in our study, sampling pumps were removed when workers entered the tank with Table 3 . USAF personnel categorized a priori as low-or high-exposed and who self-reported routine exposure to jet fuel, categorized by AFSC/job title group. Characterization of inhalation exposure to jet fuel 7 of 10 respirators and exposure to foam occurred at only one of our study sites and was minimal.
Since epidemiologic studies often rely on qualitative exposure measures as surrogate exposure measures, we were interested in evaluating which of several options are most predictive of measured personal air concentrations. Each of the three potential surrogates were found to be predictive of air levels such that both naphthalene and THC were significantly higher among the a priori high-exposure group, those who self-reported routine exposure to jet fuel, and among those with recorded current job titles in fuel systems and fuel distribution/maintenance. Similar trends were observed among all other analytes, with the exception of toluene, in which inhalation exposure was greater among fuel inspection/maintenance personnel than in fuel systems personnel.
AFSC job title categories explained the least amount of between-worker variability for both the THC and the naphthalene models compared to other two surrogate options. As described by Smith et al. (2010) , task group, as opposed to AFSC used herein, was found to be a better predictor of the personal air levels and thus possibly lead to a reduction in exposure misclassification. However, the task groups evaluated in Smith et al. (2010) were categorized based on the actual job being performed by workers at the time of the study rather than categorization based on current AFSC, the latter of which may not actually reflect what job tasks the participants were doing during the current study period. For example, three workers who had been assigned to the a priori low-exposure group in fuel distributions/ maintenance group according to their AFSC job codes were actually working in fuel systems instead.
The a priori exposure categories were found to be the best surrogate measure for naphthalene exposure and self-reported exposure categories were found to be the best surrogate for THC exposure; however, as noted above, both were better than using AFSC job titles for both naphthalene and THC. These findings could in part be due to the possibility that some workers in the aircraft inspection and maintenance group had exposure to other non-JP-8 petroleum solvents (e.g. degreasers, gasoline, etc.) more regularly than JP-8.
Multivariable analyses yielded similar models of THC and naphthalene inhalation exposure. THC levels were significantly correlated with naphthalene in personal air among USAF personnel, which supports the use of naphthalene as an appropriate surrogate of exposure to JP-8. Whether a priori exposure groups were combined or stratified, moderate to strong correlations were observed between all analytes (0.59 r 0.88, P , 0.0001). However, correlation coefficients generally increased from the a priori low-to high-exposure group. This supports the notion that while workers in the high-exposure group are exposed to higher concentrations of JP-8 and thus have higher correlation coefficients, essentially all USAF personnel have some incidental exposure to jet fuel (Pleil et al., 2000; Egeghy et al., 2003) . Benzene was the only analyte for which correlation coefficients were not consistently stronger for the a priori high-exposure group. This suggests that there are other sources of benzene to which inhalation exposure occurred among both groups.
The overall results of inhalation exposure by current job title groupings demonstrate that JP-8 analytes in this study are the highest for persons with job titles that involve distribution/maintenance of petroleum products and fuel systems. Those persons with job titles of aircraft inspection and maintenance have lower exposures but still significantly greater than the administrative/clerical or office job titles. Pleil et al. (2000) reported a similar trend of exposure levels to JP-8 fingerprint compounds (C 9 to C 12 n-alkanes) categorized by work activity. Exposure was highest among USAF personnel working in jobs related to fuel work (e.g. tank entry), followed by personnel involved with ground crew activity during cold weather starts of various aircraft and lowest among incidental personnel (e.g. hospital/clinical staff) with no direct aircraft-related mission (Pleil et al., 2000) .
Unlike an earlier study (Smith et al., 2010) , smokers compared to non-smokers generally appear to have greater exposure levels of JP-8 constituents in this study. While efforts were made to suspend active air sampling each time a participant smoked cigarettes, the current study had a larger sample size and various work sites within the bases, making it more difficult to constantly supervise all workers and stop the pumps while they smoked. The greatest source of benzene among the general public has been attributed to cigarette smoke (Ashley et al., 1996; Darrall et al., 1998) . Cigarette smoke also contributes to naphthalene and toluene exposure; benzene, naphthalene, and toluene were detected in mainstream smoke at concentrations of 39.8 lg per cigarette, 0.28 lg per cigarette, and 67.2 lg per cigarette, respectively (Rustemeier et al., 2002) . Therefore, we adjusted for current smoking status in the statistical models for this study.
Relative humidity was also a significant predictor of air concentrations of THC and naphthalene. Similarly, a positive correlation between relative humidity and exposure to polycyclic aromatic hydrocarbons, as measured by individual active sampling pumps, was observed by Liu et al. (2007) . Climatological parameters such as relative humidity may influence personal exposures by stabilizing hydrocarbon vapors, thus prolonging potential exposure (Fan et al., 2006) .
The utility of the JP-8 exposure metrics has been demonstrated to increase from self-reported jet fuel exposure, to a priori assigned exposure group, to specific job task groupings being the most informative (Smith et al., 2010) . Again, the a priori assigned exposure group classification schema provided a useful predictor of exposure. In general, self-reported routine exposure to jet fuel was similarly as informative as the a priori exposure categorization. Participants reporting exposure to jet fuel as well as individuals in the a priori high-exposure group were found to have significantly increased exposure levels, implying that workers' self-reported exposure to jet fuel may be a useful surrogate for inhalation exposure. Job title group was the least informative predictor of JP-8 exposure, explaining the least amount of between-worker variability, which is likely a reflection of using current job titles, according to their AFSC despite some individuals that were not currently working in their AFSC job.
Determining occupational exposure to air pollutants such that an unbiased and representative exposure situation is characterized depends upon the particular sampling strategy. Individual personal sampling among this occupational cohort improved the accuracy of exposure estimations. These methods shed light on the validity of self-reported exposure, which is an area of methodological debate in occupational health research. Measuring occupational exposure to the complex JP-8 mixture in various settings is problematic and personnel may be differentially exposed depending on the workplace environment as well as their job task duties that day. The traditional TWA approach for exposure estimation does not permit the examination of realtime (shorter duration) spikes in exposure levels.
There are currently no standardized industrial hygiene methods for measuring JP-8, specifically, in air. Typically, aromatic components of JP-8 (primarily benzene, naphthalene, toluene, and xylene) or THC levels are measured in the ambient environment to quantify exposure to JP-8. Given that JP-8 typically consists of 81% aliphatic hydrocarbons and measured THC does not provide a specific measure of JP-8, using standardized industrial hygiene methods creates ambiguity in quantitative exposure estimates of total occupational exposure to JP-8 (NRC, 2003) .
Further work evaluating the contribution of inhalation exposure to absorbed dose measured by urinary metabolites would better inform aggregate exposure levels among this occupational cohort. While personal breathing zone air samples are useful measures of potential exposure to JP-8 constituents in a worker's local environment, such methods do not measure the absorbed dose. Inhalation and dermal absorption are the primary routes of JP-8 exposure, and the absorbed dose may vary depending on personal behavior, personal protective equipment worn by the worker, and biological differences between workers (Serdar et al., 2004; Chao et al., 2006) . The variability in chemical composition of JP-8 provides a further challenge for estimating dose-response relationships and characterizing risk. Continuing investigation to examine relationships between personal breathing zone air and absorbed dose and associations with health functioning responses (e.g. neurological measures) among JP-8 exposed workers is recommended.
CONCLUSIONS
USAF personnel experience personal exposure to JP-8 in air that varies by job and is positively associated with the relative humidity of the work environment. However, self-reported exposure to JP-8 was an even stronger predictor of measured JP-8 exposure than job title categories, suggesting that self-reported JP-8 exposure is a valid surrogate metric of exposure when personal air measurements are not available. The use of naphthalene as an appropriate surrogate of exposure to JP-8 is supported by its strong correlation with THC.
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